Introduction
Bimodal porous materials having ordered micropores and ordered mesopores that are interconnected can be used as catalysts for reactions involving bulky reactants and products [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Bimodal solid catalysts are expected to show high catalytic activities because they have large numbers of active sites due to high surface areas arising from the micropores and because of fast diffusion of the reactants in the interconnected mesopores. In addition, the bimodal pores can suppress catalyst deactivation due to coking in reactions involving hydrocarbon conversion because of the smooth release of the products from the area around the active site through the interconnected mesopores [8, [18] [19] [20] . Thus, rational design of hierarchical pore structures and the active sites in the catalysts is important for developing highly active, selective, and highly durable solid catalysts.
There has been extensive research to prepare bimodal solid catalysts in crystalline microporous aluminosilicate zeolites with ordered mesopores. Methods for fabricating such bimodal zeolites involve (i) forming mesopores in the zeolite particles concurrently with crystallization of the zeolite framework [21] [22] [23] [24] [25] and (ii) forming mesopores that pass through the zeolite crystallite by dissolving a part of the zeolite crystallite prepared in advance [26] [27] [28] [29] . In the former method, hard (e.g., mesoporous carbons [21] , carbon nanoparticles [24] , and carbon nanotubes [23] ) and soft (e.g., micelles formed with common aluminosilicate zeolites and are comparable to those of sulfated zirconia [34] [35] [36] . In fact, initial heats of ammonia adsorption for H 3 [PW 12 O 40 ] and H 4 [SiW 12 O 40 ] are 195 and 175 kJ mol -1 , respectively [37, 38] , whereas those for MFI zeolites and amorphous silica-alumina are 150 and 145 kJ mol -1 , respectively [35, 39] . Thus, heteropolyacids are classified as superacids [31] . Moreover, the superacidity of Keggin-type heteropolyacids has been demonstrated on the basis of solid-state 31 P MAS NMR of trymethyl phosphine oxide (TMPO) adsorbed on them [40, 41] .
Although solid-state Keggin-type heteropolyacids are non-porous and thus have small surface areas (< 15 m 2 g -1 ), substitution of H + with Cs + leads to an increase in the surface area and to the formation of pores. The surface area and pore structure change depending on the degree of the substitution of H + [42] [43] [44] [45] . Thus far, the syntheses, structural analyses, and catalytic activity of neutral and acidic Cs + salts of H 3 [PW 12 O 40 ] have been extensively investigated [31, 44, [46] [47] [48] [49] [50] . It has been reported that 
Characterization
Nitrogen adsorption-desorption isotherms were measured at 77 K on a Belsorp-mini instrument (BEL Japan Inc.) after pretreatment of the samples at 473 K in a flow of N 2 for 0.5 h. Mesopore-size distributions and mesopore volumes were determined by using the Dollimore-Heal (DH) method on an N 2 desorption isotherm. The micropore-size distribution was determined by using the Saito-Foley method [57] on an Ar adsorption isotherm at 87 K measured with an automatic apparatus (Belsorp 28SA, BEL Japan Inc.). Before measurement, the sample was pretreated at 473 K in a vacuum for 10 h.
Powder X-ray diffraction (XRD) was performed using an X-ray diffractometer (Rigaku Mini Flex)
with Cu Kα radiation (λ = 0.154 nm). Crystallite size was determined by using Scherrer's equation with a diffraction line at 2θ = 25 ~ 26°. Elemental analyses of the samples were performed on an atomic absorption spectrometer (Hitachi A-2000) and an inductively coupled plasma-atomic emission spectrometer (Shimadzu ICPS-7000) for Cs and W, respectively. Scanning electron microscopy (SEM) images were obtained on an FE-SEM (Hitach, S-4800).
Temperature-programmed desorption of ammonia (NH 3 -TPD) was carried out by using a multi-task TPD system (BEL Japan Inc.) equipped with a quadrupole mass spectrometer. After pretreatment at 473
K for 1 h in a flow of He (50 cm 3 min -1 ), the catalyst was exposed to NH 3 at 13 kPa and 373 K for 0.5 h, and then the excess NH 3 was removed in a He flow at 373 K for 0.5 h. The temperature of the catalyst was increased at a rate of 10 K min -1 to 1073 K, and the desorbed gas was monitored at m/z = 16. No product other than acetic acid formed in the liquid phase, and propylene separated from the solution.
Catalytic reaction
Transesterification of glyceryl tributyrate with methanol was also performed in the batch type reactor at 333 K. The catalyst (0.2 g) was pretreated in a flow of N 2 at 473 K for 0.5 h. Methanol (300 mmol), n-hexyl ether (internal standard, 2.5 mmol), and glyceryl tributyrate (10 mmol) were introduced into the
was separated by centrifugation (9000 rpm and 10 min), and the supernatant was analyzed by using a gas chromatograph (Shimadzu, GC-14B) equipped with a capillary column (Neutrabond-1, 60 m × 0.25 mm) and a flame ionization detector (FID-GC). Amberlyst-15 (Organo Co.) was pretreated at 373 K to prevent catalyst decomposition. The yield of methyl butyrate was defined as shown in eq. 3.
(eq. 3)
3. Results and discussion 3.1. Formation of mesopores by treatment of Csx-micro in refluxing ethanol Figure 1 shows N 2 adsorption-desorption isotherms for Csx-micro and Csx-bimodal. In the case of Csx-micro, a type I isotherm was observed regardless of x, indicating that these were microporous materials [45] . The amount of N 2 uptake for Csx-micro increased with an increase in x to 3.0 and 3.5 4-) vacancies in the crystal lattice to compensate for the excess negative charges and that these vacancies form the micropores [45] . After the treatment in refluxing ethanol, Micropore β was preserved, whereas Micropore α partially collapsed. The changes in the micropore-size distributions due to the treatment will be discussed later.
In contrast to the micropore-size distributions, the mesopore size ones were completely different after the treatment. Although for Cs2.5-micro, there was only a small peak in the mesopore region, a clear intense peak at 3.7 nm appeared for Cs2. 
Formation mechanism of mesopores by the treatment of Csx-micro in refluxing ethanol
The volumes of the mesopores in Csx-micro and Csx-bimodal estimated from N 2 desorption isotherms are compared in Figure 3 . Csx-micro with x ≤ 2.5 transformed into Csx-bimodal with large mesopore volumes, but there were no or only little changes for the materials with x = 3.5 and 4. , have low solubility in those solvents [53] .
Thus, we believe that the mesopores form by dissolution of a part of Csx-micro in ethanol. Therefore, we determined the dissolution rate of Csx-micro during treatment in ethanol. There was a distinct correlation between the dissolution rate and x in Csx-micro, as shown in Figure 4 . Although In the case of Cs2.5-micro, we estimated from the Cs/polyanion ratio and dissolution rate that the dissolving part of Csx-micro had x = 0.65. In contrast, there was no change in the Cs/polyanion ratio for Cs3.5-micro and Cs4.0-micro upon the treatment due to no dissolution. with high x did not. On the other hand, the XRD patterns for Cs3.5-bimodal and Cs4.0-bimodal did not change at all.
Dissolution of a part of Csx-micro upon treatment was directly observed by using SEM (Figure 7 ).
In an SEM micrograph for Cs2.5-micro (Figure 7a ), fine particles (primary particle) with a size of ca. 10 nm were observed. The fine particles tightly aggregated to form secondary particles, eliminating any interstitial voids between the fine particles. The shape of the secondary particles and the size of the fine particles for Cs2.5-bimodal were quite similar to those for Cs2.5-micro. However, it appeared that some fine particles had fallen off the secondary particles forming interstitial voids in the secondary particles. The aperture sizes of the interstitial voids were less than 10 nm, which roughly agreed with the mesopore size estimated from the N 2 adsorption-desorption isotherm, indicating that the interstitial voids were mesopores.
To elucidate the formation mechanism of the mesopores, the formation process and microstructure of Csx-micro was clarified first. Here those of Cs2.5-micro and Cs2.5-bimodal will be described as examples. During the preparation of Cs2.5-micro, the addition of The Cs/polyanion ratio of Cs2.5(precipitate) was 3.7, which is much larger than 2.5. In the XRD pattern for Cs2.5(precipitate), peaks consistent with phase C were observed, giving a Type I isotherm of N 2 adsorption-desorption (Figure 8a ), which were the same as those for Cs3.5-micro and Cs4.0-micro.
In addition, Cs2.5(precipitate) did not dissolve in ethanol at all, and the XRD pattern and N 2 adsorption-desorption isotherm were the same after the treatment in refluxing ethanol (Figures 8b)) . the acid amount for Cs2.5-bimodal estimated from NH 3 -TPD ( Figure 10 ) was 0.010 mmol g -1 , which is lower than that for Cs2.5-micro (0.099 mmol g -1 ). In addition, the peak around 773 K, which corresponded to acidic protons, disappeared for Cs2.5-bimodal.
To increase the number of acid sites in Cs2.5-bimodal, Cs2.5-bimodal was treated in sulfuric acid to replace the Cs + ions on the surface with H + . As shown in Figure 10 , the peak due to acidic protons were preserved during the post-treatment, the mesopore volume slightly decreased ( Figure S5 ). The exchange of Cs + with H + for Cs2.5-bimodal(H 2 SO 4 ) was also confirmed by using elemental analysis.
The Cs/polyanion ratio decreased from 2.9 (Cs2.5-bimodal) to 2.6 (Cs2.5-bimodal(H 2 SO 4 )). The catalytic activity of Cs2.5-bimodal(H 2 SO 4 ) was about twice that of Cs2.5-bimodal ( Figure 9 ). Since only negligible amounts of sulfur were detected in Cs2.5-bimodal(H 2 SO 4 ) by using elemental analysis, it
was not modified with sulfate ion, forming sulfated metal oxides, like sulfated zirconia. (eq.5)
Silica-alumina and zeolites, including H-Y, H-β, and H-ZSM-5, showed little or negligible activity due to their weak acid strengths and/or microporosity. Although fresh Cs2.5-micro showed the highest activity among the catalysts, its catalytic activity significantly decreased when it was reused. The high activity for the first run and low activity for the second run are due to dissolution of the acidic component of Cs2.5-micro into the polar reaction solution, which was mainly composed of methanol during the first run. In separate experiment, it was confirmed that 14.9% of Cs2.5-micro was dissolved in methanol.
In contrast to Cs2.5-micro, the recovered Cs2. 
